ABSTRACT: We present a method for patterning substrates with a regular mesh of stable radical groups. Resulting from advanced block copolymer synthesis and annealing techniques, stable radical groups on a polymer backbone phase separate from the second block and arrange in ordered block copolymer morphologies. These meshes align in large regular patterns upon sample preparation on macroscopically structured substrates. Patterned stable radical groups may find application in selective catalysis, energy storage, data storage or optical gratings. In addition gas permeable membranes with reactive sites or charge storage zones with regular spacings in redox batteries may be feasible by our approach.
INTRODUCTION
Stable organic radical containing molecules are finding use in organic synthesis, 1 but also in controlled polymerization techniques 2 and in biological applications. 3 The most prominent stable radical organic compounds involve (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) which features a sterically protected nitroxide group.
In general, dense patterning of reactive groups on a surface at small length scales is a promising method for optoelectronic, biological or information storage applications. [4] [5] [6] Confined nitroxide radicals on a regular arrangement could be used in data storage or spatially restricted chemical transformations. 7, 8 By binding stable nitroxide radical groups to polymer backbones, Nakahara et al. have developed polymeric electrode materials for battery applications. 9 Charge storage was enabled by the fast and reversible one-electron transfer reaction of the nitroxide radical species to the oxammonium cation or the aminoxy anion. Following this approach, different groups of researchers have investigated polymers with a multitude of stable radical groups for battery applications and advanced polymerization methods. [10] [11] [12] The most thoroughly investigated polymer with stable radical groups is poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate (PTMA).
In order to combine the redox activity of such polymers with other material properties, new copolymers were developed. 13 Block copolymers with a stable radical block and another functional block could, in the case of long-range ordered self-assembly, lead to patterned nitroxide groups on a surface. Self-assembly of block copolymers, however, is hindered if polymer chain length is ill-defined or shorter than a composition and interaction parameter dependent value. Additionally, polymer films after film preparation are often not in equilibrium.
Hence, early reports on block copolymers with a stable radical containing block did not clearly show phase separated block copolymer structures like lamellae, cylinders or hexagonally packed spheres. 7, [14] [15] [16] [17] Only recently, we 18 and others 19, 20 have investigated phase separation in PTMA containing block copolymers and described the necessity of advanced annealing techniques, a low dispersity and a large χN value (product of the Flory Huggins interaction parameter and the degree of polymerization, DP).
The block copolymer films we presented previously featured upright-standing cylinders with negligible grain size among ordered domains. 18 Similarly, other phase-separated block copolymer films as presented by Boudouris et al. exhibited no clear order. 19 Gohy and coworkers have reported block copolymer films which were ordered in grains of approx. 150 nm diameter after solvent vapor annealing. 20 The nature of the solvent mixture directed the preferential orientation of the cylinders. Still, no long-range order above a few hundred nm was provided.
Thermal annealing led to no clearly phase separated structures at all. All these examples had in common the use of controlled radical polymerization methods, which usually led to dispersities in the range of 1.2, larger than expected in anionic polymerization. Another disadvantage of controlled radical polymerization techniques is that usually only approx. 70% of monomeric repeating units in the PTMA block contain radical groups. 21 Anionic polymerization of PTMA, which is promising to make block copolymers with a lower dispersity than controlled radical polymerization and hence better ordered structures, was first demonstrated by Griffith and coworkers. 22 In contrast to controlled radical polymerization techniques, no functionalization of precursor polymers is necessary, resulting in a quantitative yield of radical groups in the polymer. [23] [24] [25] Still, PTMA containing block copolymers by carbanionic polymerization have not yet been described to the best of our knowledge.
In general, self-assembly of block copolymers during advanced annealing techniques leads to ordered patterns in grains, which usually are several hundred nanometers in diameter. 26 Alignment techniques like external fields or patterned surfaces are promising for creation of long-range ordered structures in the micrometer range or above. 27 Alignment of block copolymers with stable radical groups may lead to long-range ordered functionally patterned surfaces but has not been investigated to date. In this publication, we will demonstrate a combination of advanced synthesis, annealing and alignment techniques to yield such long-range ordered patterns of stable radical groups. The choice of the second block, which does not contain stable radicals, is important. For combining different material properties, several choices are imaginable. Nishide et al. used a polyelectrolyte second block to increase ion conductivity. 7 Gohy et al. focused on block copolymers based on PTMA and polystyrene since the polystyrene could be crosslinked. 15, 17, 20 In this contribution, we use both approaches: we describe the anionic polymerization and structure formation of PTMA containing block copolymers with polystyrene or with tert-butyl methacrylate as a second block. The latter could easily be hydrolyzed to polyacrylic acid, a common polyelectrolyte.
EXPERIMENTAL SECTION
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We have synthesized PTMA based block copolymers with tert-butyl methacrylate or styrene second blocks (poly(tert-butyl methacrylate)-block-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate), PtBMA-b-PTMA and polystyrene-block-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate), PS-b-PTMA, respectively). Following a modification of the approach by Nishide and coworkers, we used methacrylate capped macroinitiators for the anionic polymerization of the PTMA block. 24 Scheme 1 shows structures of these polymers. Monomer and Solvent Purification. The stable radical containing monomer, 2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate (TMA) was synthesized according to reference 28 , purified by extraction, column chromatography and recrystallization, dried in vacuum for several days and transferred into a glove box with nitrogen atmosphere. tert-Butyl methacrylate (tBMA), styrene, trimethylsilyl protected 2-hydroxyethyl methacrylate (TMS-HEMA) and diphenylethylene (DPE) were obtained commercially, stirred over calcium hydride for several days and distilled under reduced pressure at slightly elevated temperature. Tetrahydrofuran (THF) and toluene were stirred over calcium hydride for several days and distilled into flasks equipped with sodium and benzophenone. Subsequently, the solvents were distilled into other flasks at reduced pressure. All liquids were degassed by several freeze-pump-thaw cycles and transferred into a nitrogen filled glove box. ), PS and PTMA homopolymer films of comparable thickness and molecular weight were placed in a stainless steel chamber equipped with gas inlet and outlet, solvent inlet and a Filmetrics F20 refractometer to measure the film thickness in-situ during solvent vapor annealing. After determining the dry film thickness, 5 mL of the respective solvent were introduced to the chamber while nitrogen was flowing through it at a constant flow rate.
This prevented the films from dewetting due to swelling to a very high degree. The gas flow was kept constant for all measurements to yield comparable conditions. The film thickness was continuously measured and plotted; the degree of swelling was calculated from the maximally swollen film thickness and the initial film thickness. refractometer. Samples were thermally annealed on a pre-heated hot plate or in solvent atmosphere by placing them into a glass chamber with small opening to facilitate pressure equalization and slow drying of the films after chloroform annealing by slow evaporation of the solvent.
Polymer Analysis. Infrared spectroscopy (IR) was measured using a Thermo Scientific Nicolet iS5 FT-IR spectrometer. For measuring proton nuclear magnetic resonance ( 1 H-NMR) spectra, the polymers were dissolved in CDCl 3 , a fresh solution of phenylhydrazine (0.03 M in CDCl 3 ; 0.65 eq with respect to the calculated number of stable radical groups) was added, and the spectra were measured using an Agilent 400 MHz NMR within 10 min after mixing (after the reddish color had disappeared). Cyclic voltammetry (CV) was measured using a BioLogic MPG2 potentiostat, glassy carbon working electrode, platinum wire counter electrode and Ag/AgNO 3 reference electrode with Tetrabutylammonium hexafluorophosphate as auxiliary electrolyte. 20 Gel Permeation Chromatography (GPC) was measured using a Waters AmbientTemperature GPC in THF with a Waters 486 UV-Vis detector, calibrated with polystyrene standard. Thermal behavior of the polymers was determined using a TA Instruments Q500 Thermogravimetric Analyzer (TGA) and a TA Instruments Q1000 Modulated Differential Scanning Calorimeter (DSC). Atomic Force Microscopy (AFM) images were taken at a Veeco Icon AFM with Olympus AC160TS probes.
RESULTS AND DISCUSSION
PtBMA-b-PTMA. Selected PtBMA-b-PTMA block copolymers were synthesized by anionic polymerization from tert-butyl methacrylate and the radical containing monomer without the need of protecting and deprotecting the radical functionality before and after polymerization, respectively (Scheme 2). Since the TMA monomer contained stable radical groups, no postpolymerization functionalization is necessary. The order of polymerization was chosen so a methacrylate containing macroinitiator could be used for the PTMA polymerization, as suggested in the literature. degree of polymerization and molecular weight as expected from the amount and ratio of reagents ‡ degree of polymerization and molecular weight as calculated from GPC in THF with a UV-detector
The polymers in Table 1 ).
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Because of similar block ratios, spectra (both concerning peak 
PS-b-PTMA.
For making PS-b-PTMA, we first synthesized polystyrene in dry THF at -78 °C using sec-butyl lithium as initiator and end-capped this macroinitiator with diphenylethylene.
Polymerization of this block first is crucial as a growing methacrylate chain anion would not be reactive enough to initiate polystyrene polymerization. Since the resulting polymeric anion is prone to a one electron transfer reaction to the TMA monomer, 24 introduction of a short unit of another methacrylate is necessary before polymerizing the radical containing monomer.
Scheme 3 shows the reaction conditions, and Table 2 summarizes the compositions of the resulting polymers. Since we directly polymerized radical containing monomers, no postpolymerization functionalization was necessary.
Scheme 3.
Pathway to synthesize PS-b-PTMA block copolymers. Structure Formation. Due to their block lengths, block ratios and dispersity, all block copolymers may be suited for the formation of ordered redox-active spots in a dense pattern or redox-active meshes. The kind of network can be controlled by the block copolymer composition, but structure formation may be suppressed and is susceptible to changes due to film preparation conditions or surface fields. We will discuss this in the remainder of this contribution. Figure 1 shows AFM phase images of the different polymers after spin-coating from solutions in chloroform. We note that phase separated block copolymer morphologies are observable after spin-coating, but domains are disordered with negligible or only small grain size. This is still significantly better when compared to previously published work on PTMA containing block copolymers. In the past, clear block copolymer morphologies were not observable after spin-coating 7, [14] [15] [16] and only emerged after thorough annealing processes. [18] [19] [20] Even in similar PS-b-PTMA block copolymers, structures after spin-coating were significantly less ordered when the polymers were made by controlled radical procedures and hence exhibited higher PDI. 20 We hence attribute the better order in our system to the lower dispersity compared to most published work on PTMA block copolymers.
Thermal Annealing. To present even more ordered structures in our PTMA block copolymer systems, we will discuss annealing techniques in the following section. Annealing at elevated temperatures or by exposure to solvent vapor can help to establish thermodynamic equilibrium.
All polymers do not decompose below approx. 220 °C (see Supporting Information).
Temperatures above the glass transition temperatures and below the decomposition temperatures Thermal annealing experiments indicate that in contrast to previous observations, structure formation is possible, most prominently observed in Figures 2c,d , in which non-equilibrium structures after spin-coating were transformed to the equilibrium morphology. This however is only the case for rather short annealing times. Crosslinking of the PTMA block at elevated temperatures may lead to irreversible film damage as indicated from AFM images. Large ordered grains are not observed in neither of the polymers under investigation, probably due to film damage at prolonged thermal annealing times. We will hence refrain from thermal annealing and continue on with solvent vapor annealing in the following. From Figures 1-3 , we see that PS 15 -b-PTMA 45 might be suited for forming a dense mesh of a nitroxide containing polymer around polystyrene cylinders. Structures after spin-coating were however not long-range ordered, and after thermal annealing crosslinking potentially leads to irreversible damage, also preventing long-range order. We will hence focus on this polymer for describing solvent influences of spin-coating and solvent vapor annealing as well as film thickness. By avoiding thermal treatment and switching to solvent vapor annealing we aim to induce mobility without introducing potential film damage.
Solvent Vapor Annealing.
Chloroform, which we used as a spin-coating solvent in all of the above described experiments, is slightly selective for the PTMA block as indicated by monitoring the film thickness during controlled solvent vapor annealing. Toluene has the opposite effect: when swelling PS and PTMA homopolymer films in a controlled toluene vapor atmosphere, comparable conditions resulted in swelling 1.48-fold and 1.38-fold, respectively. With toluene and chloroform, we hence identified two solvents which are good solvents for both blocks but with opposite preferences. Figure 4 summarizes the influence of both on PS 15 -b-PTMA 45 structure formation. All films were spin-coated from solutions with the same polymer concentration (10 mg mL -1 ).
Still, structures after chloroform (Figure 4a ,c) or toluene (Figure 4b,d ) vapor annealing differ in order and regularity. In general, toluene vapor annealing did not lead to clear block copolymer morphologies while after chloroform vapor annealing, (preferentially flat-lying) cylinders could be concluded from the mainly striped AFM phase images. Order is best for films spin-coated from toluene and subsequently annealed in chloroform vapor (Figure 4c ), which might be explained by the lower selectivity of the spin-coating solvent (and hence the structure expected to be closer to the equilibrium structure after spin-coating) and higher vapor pressure of the annealing solvent (and hence higher mobility during annealing). PS cylinders in a PTMA matrix were preferentially flat-lying after this annealing process which may be caused by the change in film-thickness compared to above described experiments: while spin-coating 10 mg mL -1 solutions from chloroform leads to approx. 85 nm to 95 nm thick films for all described polymers, the same concentration in toluene results in only approx. 50 nm film thickness (~48 nm for Figure 4c ).
Different film thickness in cylindrical block copolymers greatly influences the cylinder orientation. 33 We hence applied the same spin-coating conditions to PS 15 -b-PTMA 45 solutions in toluene with changing polymer concentration and annealed them like in Figure 4c , resulting in structures as summarized in Figure 5 . 
CONCLUSIONS
In conclusion, we have presented a way to fabricate highly ordered nitroxide-containing nanomeshes. Block copolymers in which one block contains stable nitroxide radicals in every repeating unit were synthesized by sequential anionic polymerization. The resulting polymers cover a large range of conventional block copolymer morphologies and self-aggregate into ordered patterns after spin-coating and advanced thermal or solvent vapor annealing. The dimensions of ordered grains were enlarged by using macroscopically pre-structured substrates.
The resulting hexagonal meshes feature a half pitch of approx. 16 nm, stable nitroxide groups in the mesh and aligned orientation irrespective of the film thickness (above a limiting minimum thickness Transmittance /a.u.
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